Recently, Empty Substrate Integrated Waveguide (ESIW) technology was proposed for embedding empty waveguides into planar substrates in order to improve their performance. A low-loss and narrow-band transition from microstrip to an increased height ESIW with 4 layers was presented in a previous work, and used to implement a very high-quality factor bandpass filter at Q-band. With such a narrow-band transition, based on a quarter-wavelength transformer, a very narrow-band filter response with resonators having a quality factor of 1000 was achieved. In this paper, in order to overcome the narrow-band and the 4-layers output restrictions, and extend the practical use of such increased height ESIWs beyond narrow-band filters, we present a novel wideband transition from microstrip to an increased height ESIW with an arbitrary number of layers. A full suite of wideband transitions to increased height ESIWs, built with different number of substrate layers ranging from 3 to 8, has been designed in this work to operate at Ka-band, though they can be easily transferred to other bands if the dimensions of the transition are properly scaled. To illustrate this, the original Ka-band transitions have been mapped to Ku-band, with excellent results. In order to test the proposed design method, a prototype of a 4-layer structure has been fabricated at Ka-band, achieving a good performance in the whole useful bandwidth of the ESIW.
I. INTRODUCTION
Over the last few years, several technologies have been proposed for the implementation of Substrate Integrated Circuits (SICs), in order to merge planar and non-planar structures for achieving high-performance integrated devices used in high-frequency applications. Substrate Integrated Waveguide (SIW) [1] is among the most popular technologies developed for the integration of non-planar waveguides in Printed Circuit Boards (PCBs). Its low cost, ease of manufacture, and small size are the main advantages of SIW technology for the integration within PCBs. Although SIW provides better performance than traditional planar circuits, the substrate The associate editor coordinating the review of this manuscript and approving it for publication was Wenjie Feng. losses increase the total insertion loss and reduce its quality factor, especially at high frequencies.
Since 2014, several alternatives of Empty SICs [2]- [7] have been proposed in order to reduce losses in SIC devices by eliminating the dielectric substrate. Among them, the Empty Substrate Integrated Waveguide (ESIW) [2] shows a very good performance, since the dielectric is completely removed, and, as a result, total losses are decreased, while maintaining the advantages of SIWs about low cost, low profile, easy manufacturing and integration in a PCB. Due to the absence of dielectric, ESIW-based devices are not so compact as their equivalent SIW circuits. However, as frequency increases, the outperformance of the ESIW in terms of loss and quality factor gradually becomes more significant. The improvement that can be achieved with ESIWs could be even more significative if a practical way to further increase the quality factor of related devices is found. In fact, in [8] , a multilayer transition was proposed to integrate ESIW guides with four times the height of the substrate holding the planar feeding lines. However, the proposed transition can efficiently feed an ESIW in a narrow bandwidth, so that it can only be used for integrating narrow-band components such as highly selective filters. Therefore, in this paper, a new wideband transition for integrating increased-height ESIWs is proposed in order to overcome the present narrow-band restriction, and extend the practical use of such increasedheight ESIWs beyond narrowband filters. This new wideband transition covers the entire useful mono-mode bandwidth of the integrated ESIW and, as a result, can be used to integrate wideband devices in full bandwidth applications. Besides, this new transition can be used to feed increasedheight ESIWs composed by an arbitrary number of layers. That is, with this novel transition, it is possible to choose the quality factor of the integrated devices, since the number of layers of the integrated increased-height ESIW can be increased or decreased as needed in the design stage (this is not possible if the transition of [8] is used).
Another important advantage of this novel transition is that it can be scaled to different frequency bands from a single design at a certain frequency. To prove this, a full set of transitions at Ku-band has been mapped from previous designs at Ka-band, by simply scaling its dimensions. A back-to-back prototype for this kind of transitions, operating at Ka-band, has been successfully designed, fabricated, and measured. The achieved experimental results show a good performance of the manufactured prototype. Therefore, the main goal of this work has been achieved, since the first known wideband transition between ESIWs of different height has been proposed and experimentally validated. This paper is structured as follows: the transition between ESIWs of different heights for broadband applications, and its design procedure, is proposed in section II. In section III, the design of a set of transitions for Ka-band is detailed. The frequency scaling of the proposed design method is discussed in section IV, where it is successfully applied to deduce another set of transitions for Ku-band. The measured results for the manufactured prototype of the novel transitions at Ka-band are analyzed and compared with simulations in section V. Finally, the main conclusions of this work are discussed in section VI.
II. WIDEBAND TRANSITION BETWEEN ESIWS OF DIFFERENT HEIGHT
In a classical rectangular waveguide, when the height of the waveguide needs to be changed, a multi-section quarterwavelength transformer is commonly used. The first idea is to directly transfer this traditional waveguide solution to ESIW. Unfortunately, there is an important difference between a classical waveguide and an ESIW. In classical rectangular waveguides, we can manufacture a waveguide of arbitrary height, but this is not possible for ESIWs. Since ESIWs are built using a stack of substrate layers, only a discrete set of heights is possible [8] . If we truncate the classical transformer heights to the nearest discrete height available in a multilayer ESIW, the resulting transformer exhibits very poor performance. Therefore, we must find an alternative high-performance solution, i.e. with high return loss, that allows the change in height in a multilayer ESIW, where the practicable heights are discrete. We have achieved this goal by modifying the geometry of the guide at each step of the quarter-wavelength transformer. In other words, we have not used rectangular waveguides to implement the transformer.
The ESIW transformer has been designed based on an equivalent transformer in classical rectangular waveguide, that is, with input and output waveguides of the same height as the input and output ESIWs. This classical transformer, though with identical input and output waveguides, shows intermediate steps of arbitrary height, which are unfeasible in a multilayer ESIW. Therefore, each step of the transformer has been replaced by a waveguide with a non-rectangular cross-section. This non-rectangular waveguide can be implemented using only the discrete available heights, and exhibits the same impedance as the original waveguide, i.e. when this waveguide is fed with the previous step in the transition, the resulting reflection coefficient is the same one that is obtained in the same position in the classical equivalent transformer.
To integrate the increased-profile ESIW devices, a suitable transition to classical planar lines is needed. The whole transition is then composed by the cascade connection of the microstrip to ESIW transition of [9] , and the quarterwavelength transformer described in the previous paragraph.
A. INTERMEDIATE GUIDES
As advanced in the previous section, the discrete nature of the available heights in a multilayer ESIW causes that the impedance of the intermediate guides in a typical waveguide height transformer cannot be precisely adjusted. In order to recover the required fine control of the impedance in the intermediate waveguides, the cross-section of the guide is modified. In Fig. 1 , one can see the proposed new geometry for the cross-section of intermediate waveguides. This modified geometry adds an additional layer with reduced width (Arid) to a typical rectangular cross-section of width (a). In this way, when this extra-layer width (Arid) is modified, the impedance of the waveguide can be fine-tuned. The impedance of a modified waveguide of N layers, ranges from the impedance of a rectangular waveguide of width a and N − 1 layers (Arid = 0), to the impedance of a rectangular waveguide of the same width (a) and N layers (Arid = a). Therefore, the required fine control of the impedance is achieved for these multilayer-based integrated waveguides. Although, strictly speaking, the impedance can be controlled only with Arid, with this single parameter tuning, the impedance can be exactly adjusted only at a single frequency. In order to provide a wideband impedance control, another parameter should be involved. Therefore, the width of the base waveguide of Fig. 1 , a, is also varied to modify the impedance of the waveguide, so that a more stable value is achieved in the whole bandwidth of interest. This happens because if only Arid is used, the cutoff frequency of the waveguide is modified. As a result, the impedance dependence with frequency is different for input and output waveguides and, as a result, the reflection coefficient at the transition shows a non-despicable dependence with frequency. If the width of the base waveguide is modified accordingly with Arid, the cutoff frequency of the feeding waveguides can be recovered, so that the reflection coefficient exhibits a more stable response with frequency. Therefore, the main width of each step of the transition (a i ) is, in general, different. As a result, the transition in the main ESIW layer (the one supporting the microstrip feedings), shows the aspect depicted in Fig. 2(a) . The geometry of the other layers can be seen in figures 2(b) and 2(c).
For example, the first step of a four-step transition in Ka-band from 1 to 8 layers goes from 1 layer (input) to 2 layers. If this transtion were implemented using a traditional multisection transformer, the reflection coefficient for this step would be equal to -20.5777 dB. Therefore, in the real ESIW transition, this first step has been designed to provide this same reflection coefficient. However, in this example, in order to illustrate that both a and Arid should be modified, two different steps have been designed. In the first design, only Arid has been optimized to achieve the desired impedance mismatch (the required S 11 ). In the second design, both a and Arid have been modified to obtain, again, the desired S 11 , but preserving the cutoff frequency of the feeding rectangular waveguides. In Fig. 3 , the results for both designs are shown, and they prove that adjusting both a and Arid provides a better impedance match in the whole bandwidth of interest (S 11 and S 21 almost constant with frequency).
B. DESIGN PROCEDURE
The transition is composed, in general, of an input waveguide of one layer and an output waveguide of N layers. To design this transition the following procedure can be applied:
1) The equivalent rectangular waveguide ideal transformer of N e steps is designed, for the whole useful bandwidth of the guide [10] .
2) The arbitrary heights of the intermediate steps are rounded to the nearest and lower discrete height, thus obtaining N i , the number of layers of the base waveguide for each step of the transformer. 3) Since the height of the waveguide is smaller than in the reference transformer, one layer is added to each step. However, to recover the impedance of the waveguide of the reference transformer, the width in this extra layer (Arid i ) is smaller than the width of the rest (a i ). When the extra layer of reduced width is added, the cutoff frequency of the resulting waveguide shifts away from the original cutoff frequency of the rectangular waveguide of the ideal transformer. As a result, the response of every jump in the transformer can be well adjusted only at a single frequency (see discussion in previous section). In order to recover an almost frequency independent response of the jump, the width of the base waveguide (a i ) must be also modified, so that the cutoff frequency of the intermediate waveguides coincides with the cutoff frequency of the feeding rectangular waveguides. In order to obtain the transversal dimensions of the intermediate waveguides, Arid i and a i , two empirical formulas have been deduced. First, the following expression is proposed to calculate Arid i :
being: Arid i the width of the extra layer in the i-th step of the transformer, N e the number of steps in the transformer,b i the height of the i-th step of the equivalent transformer in rectangular waveguide,b 0 is the height of a single layer, i.e. the height of the transformer feeding waveguide, a the width of the feeding waveguides, and N i is the number of layers of the base waveguide in the i-th step of the transformer. With regard to the modified value for the width of each base waveguide (i.e. a i ), we make use of the next empirical expression:
where:
4) For each jump, the phase of the reflection coefficient at the input (Ph(S 11 )) and output (Ph(S 22 )) ports are calculated using CST Microwave Studio. The reference plane for this phase calculation must coincide with the plane of the jump. Due to the increasing impedance in each step, theoretically Ph(S 11 ) = 0 and Ph(S 22 = π).
Then, a pair of length correction to obtain the required phase are calculated in each step (i = 1, 2, . . . N e + 1).
In the input port of the i-th jump:
where Ph (i) (S 11 ) is the i-th jump imput reflection coefficient phase between [−π, π] and β i−1 is the phase constant in the input waveguide at the bandwidth central frequency. In the output port:
where Ph (i) (S 22 ) is the output reflection coefficient phase within the interval [0, 2π], and β i is the output waveguide phase constant at the central frequency of the bandwidth. Then, the length of the i-th intermediate waveguide is:
where λ gi is the guided wavelength of the i-th intermediate waveguide at the central frequency of the transformer bandwidth. 5) A final optimization is executed. The final device is composed by cascading all the steps. The parameters a i , Arid i and i are again optimized (this time all of them from i = 1 to N e at the same time) to minimize the reflection coefficient in the whole bandwidth of interest using the Trust Region Framework algorithm provided by CST Microwave Studio.
III. TRANSITION DESIGN IN KA-BAND
In order to design the wideband transition, the previously described process is followed. A set of transitions, with different heights of the output waveguide, are designed to operate at Ka-band, and are implemented using a Rogers 4003C substrate of height h c = 0.305 mm, permittivity r = 3.55, and metal thickness t = 26.5 µm (considering both original and galvanic metallizations), so that the height of a single layer ESIW is b = 0.358 mm (see Fig. 2(a) ). Cover layers of FR-4 of height h = 1 mm, and identical metallization, are used to enclose the device.
A. TRANSITION TO A 5-LAYER OUTPUT ESIW
A transition to a 5-layer height output ESIW, consisting of a structure with 3 steps and 4 impedance jumps, will be considered in order to explain the design process. The phases 1 to 4 described in subsection II-B will be followed in order to design the height transformer. The first part of the transition is a standard microstrip to ESIW transition; it is designed using [9] and adapted to our substrate. Its dimensions (see first part of Fig. 2(a) ) can be seen in Table 1 . The second part of the transition is intended to increase the ESIW height, as can be seen in Fig. 2(a) . In this case, the device consists of 3 steps.
The complete structure is represented in Fig. 4 , in particular the empty inner part of the ESIW device, and then it has to be optimized using the procedure described in phase 5. The initial and final dimensions after this optimization process, using the Trust Region Reflective algorithm in CST Microwave Studio, are shown in the fourth column of Table 2 and Table 3 , respectively.
The scattering parameters of the complete height transformer, simulated with CST Microwave Studio in a frequency range from 26.5 to 40 GHz, are represented in Fig. 5 . 
B. N-TH LAYER TRANSITIONS
The same procedure can be applied for an output waveguide with an arbitrary number of layers. We have designed, applying the proposed design method, transitions from an input ESIW of 1 layer of height, to output ESIWs with heights ranging from 3 to 8 layers. The parameters obtained after the last full optimization step are listed in Table 3 for all the designed transformers.
The scattering parameters of the transformers are represented in Fig. 6 in the frequency range from 26.5 to 40 GHz (40% fractional bandwidth). All the designed transformers provide excellent results, which are very close to the performance expected for an ideal height transformer in classical rectangular waveguide.
IV. FREQUENCY SCALING
A full suite of transitions to increased height output ESIWs, ranging from 3 to 8 layers, has already been designed. The transitions have been implemented to operate at Ka-band, but the designs presented in this work can be easily transferred to other bands if the transition dimensions are properly scaled. To illustrate this, the original Ka transitions are mapped to Ku-band. The proposed frequency scaling works very well if the width/height ratio of the waveguides at the new band is close (not necessarily equal) to the original one. If this is not the case, the results of the scaling could be used as a good starting point of an optimization, identical to the one performed at the fifth step of the design process, that would refine the response of the transition.
The scaling factor we will use in order to translate the designed transitions from Ka-band to Ku-band is Coef = 15.7988/7.112 = 2.2214, the ratio between the waveguide widths at both bands (WR-62 and WR-28).
To obtain the scaled dimensions at Ku-band, the final dimensions for Ka-band listed in Table 3 are used. There is no need for re-optimizing the dimensions of the transition, since the substrate used for this implementation at Ku-band will be a Rogers 4003C substrate of height h c = 0.813 mm, and the ratio with the former substrate (h = 0.305 mm) is quite close to the ratio of the scaled dimensions. The only structure that must be re-designed is the first part of the transition [9] , that must be adapted to this new substrate and frequency band. The dimensions of the transformers at Ku-band, are listed in Table 4 .
The results for these transformers at Ku-band are represented in Fig. 7 in the frequency range from 12 to 18 GHz. As advanced before, there is no need to re-optimize these transitions since they exhibit, after direct scaling, very good performance in terms of return loss.
V. RESULTS
Once the design procedure has been verified, a prototype of the back-to-back transition from 1-layer height ESIW to 4-layer height ESIW, as described in subsection III-B, has been fabricated at Ka-band in order to test its performance. The substrate employed to manufacture this prototype is a Rogers 4003C of height h c = 0.305 mm, permittivity r = 3.55, and metal thickness t = 26.5 µm (considering both original and galvanic metallizations). Just to enclose the device, cover layers made of FR-4 of height h = 1 mm, with the same metallization, are used. FR-4, or any other plateable of metallic material could be used for the covers, since electromagnetic fields cannot penetrate the material. The rows of vias that can be seen in these covers, and also in the other layers (see figures 9(a) and 9(b)), have been manufactured in order to provide better soldering results (see [11] for more details). A photograph of the fabricated prototype is shown in Fig. 8 .
A detail of the transition and a cross-section view of the manufactured device, showing the final structure, are also depicted in Fig. 9 .
The measured results of the fabricated back-to-back prototype of the transition are represented in Fig. 10 , and then compared to the simulated scattering parameters obtained with CST Microwave Studio in the frequency range from 26.5 to 40 GHz. We must remark that, in this case, the results incorporate the first part of the transition [9] that allows microstrip feedings. As can be seen, there is a reasonable good agreement between simulated and measured results. The degraded return loss, which in any case is above 10 dB in the whole frequency band, is due to the first part of the transition [9] , which limits the performance of the whole transition. Therefore, the main advantage of the proposed design method has been shown, since notably good results have been achieved in the whole bandwidth, not only in a small range around the the central frequency as in [8] . Table 5 shows a comparison between the multilayer transition developed in [8] , which is the only multilayer transition known at this time in this technology, and the wideband transition detailed in this paper. This new transtion provides a larger bandwidth of operation (covering the whole useful bandwidth of the waveguide), and it can be designed for any number of output layers greater than 3. This advantages are obtained at the cost of increasing the length of the transition, and its insertion loss (which is negligible in any case). The highlighted advantages, increased bandwidth and arbitrary number of output layers, make this new transition a very interesting alternative to increase the performance of ESIW technology at high frequencies.
VI. CONCLUSION
A new wideband transition that covers all the usable bandwidth for ESIWs of increased height is presented in this paper. First, a novel procedure for designing a structure for transitioning between multilayer ESIWs of different heights is described. The proposed design method can be adapted for different frequency bands, by simply scaling already optimized prototypes. To illustrate this property, a set of transitions designed to operate at Ka-band have been adapted to Ku-band, by simply scaling its dimensions.
A back-to-back prototype for this kind of transitions, operating at Ka-band, is successfully designed, fabricated, and measured. Experimental results have shown a good performance of the manufactured prototype. The main goal of this work has been achieved since a functional transition between ESIWs of different heights, which covers the whole bandwidth of the waveguides, has been experimentally validated. This new transition will allow to achieve the maximum performance and possibilities of ESIW technology, becoming a very important achievement for developing high quality devices operating at any frequency range. 
